Although 5-Flourouracil(5-FU) is used as the first-choice treatment for advanced hepatocellular carcinoma (HCC), it is associated with acquired and intrinsic resistance. Hyperactivation of mTOR signaling has been linked to tumorigenesis and chemoresistance in HCC. The aim of this study was to evaluate and compare the antitumor effects of mTORC1 inhibitor everolimus and mTORC1/2 inhibitor AZD8055 and to examine the interaction between 5-FU and mTORC1/2 inhibitor in HCC.
Background
Hepatocellular carcinoma (HCC) is a potentially lethal cancer with a mortality rate ranking second among all cancers globally, mainly due to its high rate of metastasis and recurrence [1] . Curative surgical therapy can be applied only to early-stage HCC patients, while the long-term prognosis of patients who have undergone curative surgical therapy remains unsatisfactory owing to its high rate of relapse [2, 3] . Although 5-FU is used as the first-choice treatment for advanced HCC, it showed limited efficacy in clinical trials and is associated with acquired and intrinsic resistance [4] . The multikinase inhibitor sorafenib is a novel targeted agent recently introduced for HCC treatment, and it has shown transient and modest efficacy in clinical studies [5] . Thus, there is an urgent need to explore alternative therapeutic approaches to improve outcomes. Combination therapy based on traditional chemotherapeutic agents and small-molecule inhibitors that selectively target cancer cells is a potentially promising approach.
The PI3K/AKT/mTOR pathway plays a pivotal role in cancers, including HCC [6, 7] . The mTOR pathway, with aberrant activation occurring in up to 50-60% of HCC cases, causes hepatocarcinogenesis, and is associated with less-differentiated tumors, early recurrence, and poor prognosis [8, 9] . mTOR consists of 2 functionally and structurally distinct complexes named mTORC1 and mTORC2 [10] . mTORC1 can directly phosphorylate downstream targets of S6K1 and 4E-BP1, which enhance the translation of a variety of mRNAs. The TSC1/TSC2 complex is a key negative regulator of mTORC1 [11] . Phosphorylation of TSC2 by AKT or other kinases inactivates TSC2, which leads to unrestrained kinase activity of mTORC1. mTORC2, which phosphorylates AKT and related kinases, contributes to action cytoskeleton organization and protein synthesis. Recent data suggest that activation of AKT via mTORC2 in response to mTORC1 inhibition contributes to drug resistance in some cases [12] . Therefore, it is conceivable that targeting both mTORC1 and mTORC2 in cancer would provide a more effective antitumor activity.
Everolimus, a highly selective mTORC1 inhibitor, can bind with the intracellular receptor FK506-binding protein (FKBP-12) and form the everolimus-FKBP12 complex to block the activation of mTORC1 [13] . However, a recent study demonstrated that selective mTORC1 inhibition results in the feedback activation of AKT at Ser473 via mTORC2, which limits the antitumor efficacy of this strategy. Therefore, mTOR ATP-competitive inhibitors, which are able to suppress both mTORC1 and mTORC2 complexes-mediated signaling, have been developed recently. AZD8055, a novel ATP-competitive inhibitor of mTORC1/2, has been clinically tested for various tumors, including HCC [14, 15] . To realize the full clinical potential of mTOR kinase inhibitors, a greater understanding of the molecular and cellular mechanisms of action of these compounds is needed. Furthermore, the ability of cancer cells to become resistant to 5-FU remains a significant hurdle to its clinical efficacy. To date, little is known about whether the combination 5-FU with mTORC1/C2 inhibitor can maximize efficacy and therapeutic index. In this study, we evaluated and compared the antitumor activity of the mTORC1 inhibitor everolimus with the dual mTORC1/2 inhibitor AZD8055, and observed the interaction between the mTORC1/2 inhibitor and 5-FU resistance.
Material and Methods

Reagents and antibodies
Everolimus, AZD8055, and 5-FU were purchased from Selleck Chemicals (Houston, TX, USA). All primary antibodies used for Western blot and immunoprecipitation were obtained from Cell Signaling Technology, with the exception of TSC2 (Abcam, Cambridge, UK) and GAPDH (Proteintech, IL, USA). All secondary antibodies were purchased from Jackson ImmunoResearch (Philadelphia, PA, USA).
Cell lines
The human HCC cell lines SNU398, PLC/PRF5, SMMC7721, and BEL7402 were purchased from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences (Shanghai, China). These cell lines were routinely maintained in Dulbecco's modified Eagle's medium (DMEM) (Gibco BRL, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco BRL, USA) at 37°C in a humidified incubator containing 5% CO 2 .
Western blot analysis
Western blot analysis was performed as previously described [16] . Briefly, HCC cells were washed 3 times with PBS and lysed with RIPA Lysis Buffer (Santa Cruz Biotechnology, CA, USA) containing a protease inhibitor mixture (Roche Corp., Basal, Swiss) and phosphatase inhibitors (Roche Corp., Basal, Switzerland). The proteins were separated by SDS-PAGE and we transferred the protein to polyvinylidene difluoride (PVDF) membranes. Membranes were blocked and washed. Primary antibodies were applied and then horseradish-peroxidaseconjugated secondary antibodies were added. The proteins were detected with an enhanced chemiluminescence reagent (Millipore Corp., MA, USA).
Cell viability assay
The cell viability was measured by CCK-8 assay (Dojindo, Kumamoto, Japan) according to the manufacturer's protocol. Briefly, HCC cells were seed onto a 96-well plate for 24 h. Then, various concentrations of the compounds were added into the wells. After treatment for 48 h, 10 μl of CCK-8 reagent was added and incubated for an additional 2 h. The absorbance was read at 450 nm using a microplate reader (Thermo, MD, USA). Everolimus and AZD8055 dose-response curves and IC50 (half maximal inhibitory concentration) values were calculated using GraphPad Prism software (San Diego, CA, USA).
Cell cycle analysis
Cells, treated with either 0.1% DMSO or various concentrations of everolimus or AZD8055 for 24 h, were harvested and fixed in 70% ethanol overnight at 4°C. Cells were then stained with RNase A and propidium iodide (PI) according to the manufacturer's protocol (BD Biosciences, MD, USA). Flow cytometry (Beckman Coulter, USA) was used to measure the fluorescencestained cells. Data acquisition and analysis were conducted using Cell Quest (BD Biosciences, MD, USA).
Drug combination analysis
Multiple drug-effect analysis was preformed to evaluate the effects of combined drug treatment, as previously described [17] . The results of the CCK-8 assay were calculated using the follow-
where (Dx)1 and (Dx)2 are the concentrations of drug 1 and drug 2 alone that achieve effect fa; (D)1 and (D)2 are the concentrations of drug 1 and drug 2 in combination that give the same effect fa. A CI <1 indicates synergism; CI=1 and CI >1 indicate an additive effect and antagonism, respectively.
Immunohistochemical analysis
Harvested tumors were fixed in 4% formaldehyde solution in PBS, and embedded in paraffin and sliced into 5-μm-thick sections. Immunohistochemical staining was carried out using a standard protocol [14, 15] . For Ki-67, only nuclear immunoreactivity was considered positive. The proliferation index was the percentage of Ki-67-positive cells among at least 500 cells per field.
Evaluation of in vivo tumor growth in subcutaneous implantation models of HCC
Male BALB/c nu/nu mice (4-6 weeks old) were purchased from the Animal Center of the Chinese Academy of Science and housed in specific pathogen-free conditions. All animals received humane care according to the criteria outlined in the "Guide for the Care and Use of Laboratory Animals" (NIH publication 86-23 revised 1985).
BALB/c nu/nu mice were injected with SMMC7721 cells (5×10 7 /mL contained in PBS) subcutaneously to establish subcutaneous tumors. The subcutaneous SMM7721 cells were allowed to grow for 1 week to reach a tumor size of approximately 50 to 100 mm 3 . The mice were then randomized into 4 groups: the control group; the AZD8055 group, orally administered 5 mg/kg in vehicle every other day; the 5-FU group, administered via the intraperitoneal injection with 50 mg/kg 5-FU in saline solution every other day; and the combination group, administered 5 mg/kg AZD8055 and 50 mg/kg 5-FU every other day. The tumor dimensions and body weights of all mice were monitored every 3 days and the mice were killed 2 weeks later. Tumor volume was calculated in mm 3 as follows: ab 2 /2 (with a and b representing the largest and smallest dimensions collected at each measurement). Solid tumors were excised, weighed, and either processed for paraffin embedding or snap frozen and stored at -80°C.
Statistical analysis
The data were calculated as the mean ± standard deviation (SD) from at least 3 independent experiments. Statistical analyses were performed using SPSS 15.0 for Windows (SPSS, Inc., Chicago, IL). A p-value <0.05 was considered statistically significant.
Results
TSC2-deficient HCC cell lines were more sensitive to everolimus and AZD8055
To characterize the activity of mTORC1 inhibitor everolimus and mTORC1/2 inhibitor AZD8055 against HCC, we performed an in vitro antiproliferation screen across a panel of HCC cell lines. The neoplastic activity of cancer cells was assessed after 48 h of treatment with everolimus and AZD8055, and the IC50 values were calculated. As shown in Figure 1A and 1B, both everolimus and AZD8055 effectively inhibited the growth of PLC/PRF5 and SNU398 cells in a concentration-dependent manner, while lower nanomolar concentrations of AZD8055 were required to inhibit SMMC7721 and BEL7402 cell proliferation in comparison with everolimus.
We next analyzed the effects of everolimus and AZD8055 on the mTOR signaling pathway. Western blot analysis demonstrated that TSC2 protein was essentially nondetectable in PLC/PRF5 and SNU398 cells, but it was highly expressed in SMMC7721 and BEL7402 cells ( Figure 1C) . No significant differences in expression of TSC1, p-mTOR (Ser2481; Ser2448), and p-AKT(Ser473) were observed in those HCC cell lines. As shown in Figure 1D , the phosphorylation of mTOR on Ser2481, the marker of mTORC2 complex activity, and its substrate AKT(Ser473) were completely inhibited by AZD8055. In contrast, everolimus inhibited mTORC1 activity (phosphorylation of mTOR on Ser2448) without affecting mTORC2 activity (Ser2481), and also markedly increased AKT phosphorylation on Ser473. Therefore, AZD8055 efficiently inhibits both the mTORC1 and mTORC2 signaling cascades in HCC cells, whereas everolimus only inhibits mTORC1 and does not inhibit mTORC2, even at relatively high doses.
AZD8055, but not everolimus, induced G1-phase arrest in TSC-high-expressing HCC cells
We further investigated the mechanism underlying the increased cytotoxicity of AZD8055 compared with everolimus. After treatment with various doses of everolimus or AZD8055 for 24 h, the cell cycle in different HCC cells was analyzed. In TSC2-deficient SNU398 cells, both everolimus and AZD8055 significantly increased the percentage of cells in the G1-phase, whereas they decreased the percentage of cells in the S phase (Figure 2A) . Cyclin D1 is a critical regulator of the G1-S phase transition. Upregulation of cyclin Dl results in rapid growth of a subset of HCC. Western blot analysis showed that cyclin D1 expression in TSC2-deficient SNU398 cells was reduced by everolimus and AZD8055 treatment ( Figure 2C ). However, in TSC2-high-expressing SMMC7721 cells, AZD8055 clearly increased the number of G0-G1 phase cells and decreased the cyclin D1 expression, whereas everolimus exerted no obvious cell cycle suppressive action, even at micromolar concentrations ( Figure 2B, 2D) . 
AZD8055 synergistically enhances the efficacy of 5-FU via reversing 5-FU-induced upregulation of P-gp
Because AZD8055 showed significant cell cycle suppressive action, we explored whether the combination of AZD8055 and chemotherapeutic agent 5-FU would lead to an additive or synergistic effect. Drug combination index (CI) analysis is a generalized method for analyzing the effects of multiple drugs and identifying addition, synergism, and antagonism. Figure 3A , 3B, 3E). However, treatment of SNU398 and SMMC7721 cells with 5-FU in combination with everolimus resulted mainly in additive to slightly antagonistic cytotoxicity (CI values ranging from 1.01 to 1.17; Figure 3C -3E).
P-gp has been considered a major hindrance to the successful utilization of cancer chemotherapy [18] . Therefore, we next investigated whether mTORC1/mTORC2 inhibition affects P-gp expression. Western blot analysis demonstrated obvious downregulation of P-gp when the cells were treated with the mTORC1/mTORC2 inhibitor AZD8055, whereas the mTORC1 inhibitor everolimus did not significantly affect the expression of P-gp ( Figure 3F) . Moreover, the upregulation of P-gp induced by 5-FU was reversed by AZD8055 ( Figure 3G ).
In vivo combination of AZD8055 and 5-FU significantly enhances tumor growth inhibition in HCC
To examine the in vivo efficacy of AZD8055/5-FU, nude mice were inoculated with a representative HCC cell line, SMMC7721, and dosed with AZD8055 and/or 5-FU daily for 14 days as described in Methods. Treatment with 5-FU did not significantly inhibit tumor growth compared with the control group. However, AZD8055 treatment significantly inhibited the tumor growth, with tumor volume reduced by 27% compared with the control group. Importantly, the combined AZD8055 with 5-FU therapy led to maximal tumor suppression with tumor growth reduced more than 55% compared with the control group ( Figure 4A, 4B) . The level of cell proliferation in different treated tumors was further examined by IHC staining of nucleus Ki67. As shown in Figure 4C and 4D, the combined treatment group also had less nucleus Ki67-positive cells in tumor tissues than either AZD8055 or 5-FU alone. To assess the toxicities mediated by the co-treatment of AZD8055 and 5-FU in vivo, mouse body weight was measured every 3 days and results demonstrated no significant difference among the various groups ( Figure 4E ).
Discussion
Approval of Sorafenib for use in advanced HCC triggered the search for additional molecular agents to further improve patient survival. Unfortunately, none of them (sunitinib, brivanib, and linifanib) have resulted in even modest survival benefits [19] . Therefore, there is an unmet need to develop additional effective agents, especially those with novel mechanisms of action that target hepatocarcinogenesis. mTOR, which is located downstream of the PI3K-AKT pathway, is a key regulator of growth and proliferation of tumor cells [9] . mTOR-activated HCC is associated with a higher incidence of recurrence [8] . Therefore, blockade of the mTOR pathway may be an effective therapeutic strategy in the treatment of HCC. In this study, we found that both the mTORC1 inhibitor everolimus and the mTORC1 inhibition may show a blunted survival benefit within all HCC patients, and suggests the use of a personalized approach that requires patients to be stratified based on TSC2 expression prior to mTORC1 inhibitor treatment.
We sought to further identify whether mTORC1 or mTORC2 participates in the induction of cell cycle arrest by use of AZD8055 and everolimus. Flow cytometric analysis showed that TSC2-deficient HCC cells treated with everolimus and AZD8055 were arrested in the G1 phase of the cell cycle. However, TSC2-highexpressing HCC cells targeted inhibition of mTORC1/2, but not mTORC1, and potently prevented cells from transitioning from the G1 phase to S phase. Cyclin D1 is a critical regulator of the G1-S transition. Upregulation of cyclin D1 results in rapid growth of a subset of HCC. Western blot analysis showed that both everolimus and AZD8055 significantly reduced the cyclin D1 expression in TSC2-deficient PLC/PRF5 and SNU398 cells. However, in TSC2-high-expressing SMMC7721 and BEL7402 cells, AZD8055 also clearly decreased the cyclin D1 expression, whereas everolimus exerted no obvious cell cycle suppressive action. These data suggest that targeting of mTORC1 could only promote G1-phase arrest in TSC2-deficient HCC cells, while G1-phase arrest could be induced by targeting of mTORC1/2 in both TSC2-deficient and high-expressing HCC cells.
To date, 5-FU is still being widely used for the treatment of advanced HCC [4] . Unfortunately, success of a single or combination chemotherapy regimen is mostly transient and modest [21, 22] . The present study showed that the combination of AZD8055, but not of everolimus, with 5-FU significantly decreased tumor cell viability compared with single-drug treatment. Multidrug resistance (MDR) is mediated by high expression of ATP-binding cassette (ABC) transporter family members that increase the efflux of chemotherapeutic agents out of cancer cells [18] . P-glycoprotein (P-gp), encoded by the MDR1 gene, is one of the best-studied ABC transporters in drug resistance [23] . In addition, P-gp is thought to render tumors resistant to chemotherapy, and changes in its expression or function can contribute to MDR [24] . Our study shows that inhibition of mTORC1/2 by AZD8055 reversed the overexpression of P-gp induced by 5-FU in HCC cells. However, inhibition of mTORC1 alone by everolimus had limited effect on P-gp expression. These results indicate that the chemosensitization effects on 5-FU induced by mTORC1/2 inhibition can be ascribed to reduction of the P-gp expression.
Conclusions
TSC2 in HCC is a promising efficacy-predicting biomarker for the treatment of mTORC1/2 inhibitor. AZD8055 showed stronger antitumor activity compared to everolimus in TSC2-highexpressing HCC cells. Moreover, the combination of mTORC1/2 inhibitor with 5-FU could be a promising treatment strategy for HCC patients who can tolerate chemotherapy.
